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olig2s from anterior hindbrain, coordinates motor movements and balance. Sensory
input from the periphery is relayed and modulated by cerebellar interneurons, which are organized in
layers. The mechanisms that specify the different neurons of the cerebellum and direct its layered
organization remain poorly understood. Drawing from investigations of spinal cord, we hypothesized that
the embryonic cerebellum is patterned on the dorsoventral axis by opposing morphogens. We tested this
using zebraﬁsh. Here we show that expression of olig2, which encodes a bHLH transcription factor, marks a
distinct subset of neurons with similarities to eurydendroid neurons, the principal efferent neurons of the
teleost cerebellum. In combination with other markers, olig2 reveals a dorsoventral organization of
cerebellar neurons in embryos. Disruption of Hedgehog signaling, which patterns the ventral neural tube,
produced a two-fold increase in the number of olig2+ neurons. By contrast, olig2+ neurons did not develop in
embryos deﬁcient for Wnt signaling, which patterns dorsal neural tube, nor did they develop in embryos
deﬁcient for both Hedgehog and Wnt signaling. Our data indicate that Hedgehog and Wnt work in
opposition across the dorsoventral axis of the cerebellum to regulate formation of olig2+ neurons.
Speciﬁcally, we propose that Hedgehog limits the range of Wnt signaling, which is necessary for olig2+
neuron development.
© 2008 Elsevier Inc. All rights reserved.Introduction
The cerebellum functions as the main control center for balance
and motor function and also contributes to cognitive learning (Fiez,
1996; Holmes, 1939; Ito, 2000; Morton and Bastian, 2004; Raymond
et al., 1996; Schutter and van Honk, 2005; Thach et al., 1992). It is
radially organized into several distinct layers, which are intercon-
nected by axonal projections and synaptic contacts (Altman and Bayer,
1978, 1985; Wang and Zoghbi, 2001). The molecular layer is the
outermost and consists of stellate and basket neurons, which make
synaptic connections with dendrites of Purkinje neurons. Golgi cells
and the cell bodies of Purkinje neurons comprise the Purkinje layer,
just below the molecular layer. Purkinje neurons are the chief output
neuron of the mammalian cerebellum and their axons project to deep
cerebellar nuclei (Altman and Bayer, 1985), which relay signals to
various output peduncles that synapse with midbrain structures (tha-
lamus, red nuclei and premotocortex), dorsal brainstem or cerebral
neocortex (de Zeeuw and Berrebi, 1996). The granule layer, located
below the Purkinje layer, consists of granule neurons, which arel rights reserved.excitatory cells that also synapse with Purkinje neuron dendrites. In
teleosts, Purkinje neurons project within the cerebellum directly onto
eurydendroid neurons, located ventral to Purkinje cell bodies, instead
of to the deep brainstem. Eurydendroid neurons in turn make con-
nections to the diencephalon and caudal medulla and thus serve the
same function as deep cerebellar nuclei in mammalian systems (Diaz-
Regueira and Anadon, 2000; Finger, 1978; Ikenaga et al., 2006; Lannoo
et al., 1991b).
Of these cerebellar features, the development of granule neurons is
perhaps best understood. Granule neuron progenitors arise from the
rhombic lip, a specialized proliferative zone along the dorsolateral
rhombencephelon. Guided, at least in part, by Netrin1 and Slit2, they
migrate over the surface of the cerebellum to form a transient external
granule layer (Gilthorpe et al., 2002) Subsequently, signals secreted by
Purkinje neurons cause granule neuron progenitors to proliferate and
migrate into the cerebellum to form the inner granule layer (Dahmane
and Ruiz i Altaba, 1999; Traiffort et al., 1998).
Many other neurons of the cerebellum, including Purkinje neurons,
stellate, basket and Golgi neurons, apparently originate within the
proliferative ventricular zone (VZ) (Altman and Bayer, 1978, 1985).
Retrospective lineage analysis in mouse and chick showed that some
clones included Purkinje neurons, molecular layer neurons and glia
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precursors are multipotent, producing distinct cell types that occupy
different layers. Although several genes that are important for Purkinje
neuron migration and maintenance have been described (Wang and
Zoghbi, 2001), very little is known about the mechanisms that specify
cerebellar cell type and determine the layered organization of the
cerebellum.
Here we describe experiments designed to investigate mechan-
isms of cerebellar patterning during development, using zebraﬁsh as a
model system. We hypothesized that signals that pattern the dorso-
ventral (DV) axis of the neural tube inﬂuence the fate of cells that arise
from the cerebellar VZ, similar to neuronal speciﬁcation in the spinal
cord. Consistent with this, we found that Hedgehog (Hh) signaling,
which is active in ventral neural tube, limits the number of neurons
that express olig2. Expansion in olig2+ neuron number resulting from
loss of Hh signaling was accompanied by an expansion of wnt1 ex-
pression. Conversely, embryos deﬁcient for Wnt signaling failed to
form olig2+ neurons, even in the absence of Hh signaling. Our data
support a model in which Wnt signaling, limited to dorsal cerebellum
by Hh, is necessary for olig2+ neuron speciﬁcation.
Materials and methods
Zebraﬁsh staging and strains
Embryos were produced by pairwise matings and raised at 28.5 °C, then staged
according to hours post fertilization (hpf) and days post fertilization (dpf) in addition to
morphological criteria (Kimmel et al., 1995). Mutant alleles included smob641 (Barresi et
al., 2000; Varga et al., 2001) and Df(LG01:lef1)x8 (Phillips et al., 2006). Transgenic alleles
included Tg(olig2:egfp)vu12 (Shin et al., 2003) and Tg(hsp70:dkk1-GFP)w32 (Stoick-Cooper
et al., 2007).
In situ RNA hybridization
In situ RNA hybridization was performed as described previously (Hauptmann and
Gerster, 2000). Antisense RNA probes included olig2 (Park et al., 2002), ptc1 (Concordet
et al., 1996), shh (Krauss et al., 1993), atoh1a (Kim et al., 1997) and wnt1 (Molven et al.,
1991). Hybridization was detected using anti-digoxigenin antibody conjugated to
alkaline phosphatase, followed by a color reaction using a solution of BM Purple AP
Substrate (Roche Diagnostics). All embryos for sectioning were embedded in 1.5% agar/
5% sucrose and frozen in 2-methyl-butane chilled by immersion in liquid nitrogen.
Sections of 10 μm thickness were obtained using a cryostat microtome. Whole embryos
were de-yolked for imaging and placed in 75% glycerol solution on bridged slides and
coverslipped. Images were collected using a QImaging Retiga Exi color CCD camera
mounted on an Olympus AX70 compound microscope and imported into Adobe
Photoshop. All image manipulations were restricted to adjustment of levels, curves,
saturation, hue and color balance.
Immunohistochemistry
We used the following primary antibodies for immunohistochemistry on ﬁxed
embryos and larvae: mouse anti-Zebrin II (1:1000, gift of Dr. R Hawkes) (Brochu et al.,
1990), mouse anti-HuC/D (16A11, 1:100, Molecular Probes) (Marusich et al., 1994),
rabbit anti-Calretinin (1:1000, Swant Products) (Schwaller et al., 1993), mouse anti-
Parvalbumin (1:1000, Chemicon) (Porteros et al., 1998) and rabbit anti-GABA (1:10,000,
Sigma) (Villani et al., 1982). For ﬂuorescent detection we used Alexa Fluor 568 goat
anti-mouse conjugate and Alexa Fluor 647 goat anti-rabbit (1:200, Molecular
Probes). All embryos and larvae for sectioning were embedded in 1.5% agar/5%
sucrose and frozen in 2-methyl-butane chilled by immersion in liquid nitrogen.
Sections of 10 μm thickness were obtained using a cryostat microtome. Fluorescent
images of sectioned embryos were collected using a 40× oil-immersion (NA=1.3)
objective mounted on a motorized Zeiss Axiovert 200 microscope equipped with a
PerkinElmer ERS spinning disk confocal system or a Zeiss LSM510 Meta laser scan-
ning confocal microscope and imported into Volocity (Improvision). Whole mount
ﬂuorescent images were collected using a QImaging Retiga Exi color CCD camera
mounted on an Olympus AX70 compound microscope and imported into Adobe
Photoshop. All image manipulations were restricted to adjustment of levels, curves,
saturation and hue.
Cyclopamine treatments
Embryos were incubated in Embryo Medium (EM) (15 mM NaCl, 0.5 mM KCl, 1 mM
CaCl2, 1 mM MgSO4, 0.15 mM KH2PO4, 0.05 mM NH2PO4, 0.7 mM NaHCO3) containing
50 μM cyclopamine (CA) (Toronto Research Chemicals), diluted from a 10 μM stock
dissolved in ethanol. Embryoswere treated in their chorions at shield stage or following
manual dechorionation with any treatments that began after 24 hpf.Heat-shock induction
To induce expression of Dkk1, hsDkk1GFP embryos were collected from matings of
heterozygous hsDkk1GFP ﬁsh and raised in EM at 28.5 °C. Embryos were cooled to 24 °C
for 1 h at 29 hpf then transferred to a microfuge tube ﬁlled with EM in a 40 °C water
bath for 1 h. Embryos were sorted by GFP expression and only highly-expressing
embryos were selected for analysis. These embryos were then placed back in EM at
28.5 °C and raised until 48 hpf.
Quantiﬁcation of EGFP+ neurons
To quantify the number of EGFP+ cells in awhole cerebellum Tg(olig2:egfp) embryos
were ﬁxed at 48 hpf. The embryos were dissected using watch maker’s forceps, re-
moving the eyes, yolk, forebrain and trunk to isolate the cerebellum. Cerebellums were
mounted in 75% glycerol on bridged coverslips. Images were collected at 2 μM intervals
through the entire depth of the cerebellum using a confocal microscope. The images
were imported into Volocity and then exported to Openlab (Improvision). Each Z stack
image was examined and individual EGFP+ cells were labeled and counted.
Results
Zebraﬁsh cerebellar cells express olig2
To initiate an investigation of cerebellar patterning we examined
expression of olig2, which encodes a bHLH transcription factor (Zhou
et al., 2000; Takebayashi et al., 2000; Park et al., 2002; Lu et al., 2000),
by in situ RNA hybridization. At 24 h post fertilization (hpf), expression
was evident in ventral spinal cord, as previously described (Park et al.,
2002), and in ventral diencephalon but not in the cerebellum (Fig. 1A).
By 36 hpf, a prominent domain of olig2 expression appeared near the
dorsal boundary between midbrain and hindbrain (data not shown).
Expression was maintained at 48, 72, and 96 hpf (Figs. 1B–D) through
at least 7 days post fertilization (dpf) (data not shown). Transverse and
sagittal tissue sections revealed that cerebellar cells dorsal to the
anterior medulla oblongata expressed olig2 (Figs. 1H–J, N–P) in a
pattern consistent with that of other cerebellar genes (Mueller et al.,
2006; Mueller and Wullimann, 2003).
Previously, we described a transgenic line inwhich olig2 regulatory
DNA drives expression of EGFP, recapitulating endogenous olig2 ex-
pression in spinal cord (Shin et al., 2003). The pattern of cerebellar
EGFP expression was also identical to that of olig2 RNA (Figs. 1E–G,
K–M, Q–S), with the exception that EGFPwas ﬁrst detectable at 40 hpf,
presumably reﬂecting a delay in EGFP folding and ﬂuorescence
following translation (data not shown). EGFP in Tg(olig2:egfp) embryos
is cytosolic and reveals both cell bodies and processes. Notably, ce-
rebellar EGFP+ cells extended long processes to the deep brainstem
(Figs. 1K–M).
olig2 expression identiﬁes a subset of cerebellar neurons
The long EGFP+ projections evident at 48 hpf were suggestive of
axons. To determine if cerebellar olig2+ cells are neurons we labeled
sections of Tg(olig2:egfp) 48 hpf embryoswith anti-Hu antibody,which
marks newly born postmitotic neurons (Marusich et al., 1994). The
majority of the cerebellar olig2+ cells expressedHu, identifying themas
neuronal (Figs. 2A–C). To examine more closely the morphology of
olig2+ cells we next imaged living Tg(olig2:egfp) larvae using confocal
microscopy. High magniﬁcation dorsal views of 54 hpf animals
revealed deep ventral projections, as noted above (Fig. 2D). By 7 dpf,
olig2+ cells appeared to project single, extensively branched dendrites
toward the exterior surface of the cerebellum (Fig. 2E).
We next tried to identify olig2+ cells using antibodies previously
used as Purkinje neuron and eurydendroid cell markers. First, we
labeled transverse and sagittal sections of 5 dpf Tg(olig2:egfp) larvae
with Zebrin II antibody, which identiﬁes Purkinje neurons in both
mammals and teleosts (Brochu et al.,1990; Lannooet al.,1991a,b;Meek
et al., 1992), and antibody speciﬁc to Calretinin, a calcium-binding
protein expressed by a subset of eurydendroid neurons (Castro et al.,
2006; Diaz-Regueira and Anadon, 2000). As expected, Zebrin II and
Fig. 1. Transgenic reporter gene expression recapitulates endogenous olig2 RNA expression in zebraﬁsh cerebellum. Lateral whole mount views and sagittal sections are shownwith
dorsal up and anterior to the left. Transverse sections are oriented dorsal up. Midbrain (mb), hindbrain (hb) and medulla oblongata (mo) are marked. (A–D) Developmental time
course of olig2 expression detected by in situ RNA hybridization in whole embryos. Dashed circles mark where cerebellum is located. (E–G) EGFP expression driven by the Tg(olig2:
egfp) transgene in live embryos. Expressionwithin cerebellum is circled. (H–J) Sagittal sections through cerebellumwith olig2 RNA expressionmarked by arrows. (K–M) Arrowsmark
EGFP+ cells in cerebellum of sagittally sectioned Tg(olig2:egfp) embryos and arrowheads show axonal extensions from EGFP+ cells. Transverse sections through cerebellum showing
olig2 RNA (N–P) and EGFP (Q–S) expression marked by arrows. Scale bars represent 20 μm in all panels.
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Purkinje neurons dorsal to Calretinin+ eurydendroid neurons (Figs. 2F,
G). However, neither antibody labeled olig2+ cells (Figs. 2F, G). Instead,
most olig2+ cells occupied space between Zebrin II+ Purkinje neurons
and Calretinin+ eurydendroid cells, although some olig2+ cells were
intermixed with Zebrin II+ and Calretinin+ cells (Figs. 2F, G). Thus,
Zebrin II, olig2 and Calretinin expression mark distinct cerebellum cell
populations that occupy dorsal, intermediate and ventral positions,
respectively.
We reasoned that olig2+ cells might be relatively immature at 5 dpf
and not yet express markers of differentiated neurons. Therefore, we
labeled sections obtained from 14 dpf transgenic animals. Although
olig2+ cells were closely associated with Calretinin+ and Zebrin II+ cells,
they remained as distinct cell populations (Figs. 2H, I). We also used
anti-Parvalbumin antibody, which has been used to mark Purkinje
neurons (Porteros et al.,1998). Consistentwith Zebrin II labeling, olig2+cells did not express Parvalbumin (Fig. 2J). In goldﬁsh, three
morphologically distinct types of eurydendroid cells are distributed
in the Purkinje, granule and molecular cell layers, many of which are
intimately associated with Zebrin II+ cells and ﬁbers (Ikenaga et al.,
2005). Many olig2+ cells are similarly in close contact with Zebrin II+
and Parvalbumin+ cells (Figs. 2I, J). Because olig2+ cells extend axons to
the deep brainstem they most likely are a subpopulation of eury-
dendroid neurons although, lacking deﬁnitive molecular marker evi-
dence, we cannot rule out other possibilities.
The cerebellar olig2+ cell population is enlarged in the absence of Hh
signaling
The distribution of Zebrin II+, olig2+ and Calretinin+ cells in the
cerebellum was reminiscent of the DV organization of spinal cord
neurons. In the spinal cord, speciﬁcation of different cell types along
Fig. 2. Identiﬁcation of cerebellar cell types reveals distinct populations of olig2+ neurons organized along the DV axis. (A–C) Sagittal section through cerebellum of 48 hpf Tg(olig2:
egfp) transgenic embryo showing EGFP+ cells expressed Hu (red). Arrowheads mark long axonal projections. (D) Dorsal view with anterior to left of one-half of the cerebellum in
living Tg(olig2:egfp) embryo at 56 hpf. Bracket and arrowheads mark EGFP+ axons extending from EGFP+ cells ventrally along midbrain–hindbrain boundary. (E) Dorsal view of
cerebellum in living Tg(olig2:egfp) larva at 7 dpf, anterior is along the bottom. Bracket indicates extensive dendritic branches originating from EGFP+ cells. (F) 3-D reconstruction of
5 dpf sagittal section of a Tg(olig2:egfp) larva illustrating DV organization of Zebrin II+ (green), EGFP+ (blue) and Calretinin+ (red) cells. Arrowhead marks ventrally extending EGFP+
axons. (G) Transverse section a 5 dpf Tg(olig2:egfp) larva showing Zebrin II, EGFP and Calretinin labeling of distinct populations and DV arrangement. (H–J) Sections of 14 dpf Tg
(olig2:egfp) transgenic larvae labeled with Calretinin, Parvalbumin and Zebrin II antibodies. (H) Transverse hemisection shows EGFP+ cells dorsal to Calretinin+ eurydendroid cells.
(I) Transverse hemisection showing EGFP+ cells intermixed with Zebrin II+ Purkinje neurons. Inset shows enlargement of area framed by dashed lines. (J) Sagittal section showing
distinct populations of Parvalbumin+ Purkinje neurons and EGFP+ neurons. Arrowheadsmark EGFP+ axons extending toward deep brainstem. Inset shows enlargement of area framed
by dashed lines. Scale bar=20 μm for all panels except panel G, for which it represents 40 μm.
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Ventral spinal cord cells in mouse and zebraﬁsh embryos that lack Hh
signaling fail to express olig2 (Lu et al., 2000; Park et al., 2002),
indicating Hh promotes olig2 expression. To test the possibility that
Hh also patterns the cerebellar DV axis, we investigated olig2 ex-
pression in embryos that were homozygous for a mutation of the
smoothened homolog (smo) gene, which encodes a seven transmem-
brane protein necessary for Hh signaling (Alcedo et al., 1996; Huangfu
and Anderson, 2006). As previously described (Park et al., 2002),spinal cord cells of smo mutant embryos did not express olig2 (Fig.
3D). By contrast, cerebellar olig2 expression was elevated in smo
mutant embryos (Figs. 3E, F). From a dorsal view, the stripe of olig2
expressionwas both broader in the anteroposterior axis and extended
more ventrally than normal (Figs. 3B, C, E, F).
To quantify cerebellar olig2+ cells, we used confocal microscopy to
count EGFP+ cells of Tg(olig2:egfp) embryos. At 48 hpf, an average of
approximately 65 olig2+ cells occupied each half of the cerebellum of
wild-type transgenic embryos (Fig. 4A). Similarly staged smo−/−;Tg
Fig. 3. Hh signaling restricts cerebellar olig2 expression. Lateral (A, D) and dorsal (B, C, E, F) views of 48 hpf embryos with anterior to the left. Arrows indicate cerebellar olig2
expression. Brackets mark ventral spinal cord. (A) Wild-type embryo illustrating olig2 expression within cerebellum and spinal cord. Dorsal (B) and ventral (C) focal planes of wild-
type cerebellum. (D–F) Similar views of olig2 expression in smomutant embryo. Note expansion of cerebellar expression and absence of spinal cord expression. Scale bars represent
20 μm for all panels.
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olig2+ cells (Fig. 4A). Thus in normal development, Hh limits formation
of olig2+ cells in the cerebellum.
Previous studies have shown the pharmacological agent cyclopa-
mine (CA) directly binds to Smoothened and speciﬁcally inhibits HhFig. 4. Temporal regulation of olig2+ cell number by Hh signaling. (A) Graph depicting
average number of EGFP+ cerebellar cells. n=14 hemicerebellums for each condition.
Statistical signiﬁcance calculated in accordance to Student's t-test. (B) Time course
assay of EGFP+ cells in Tg(olig2:egfp) embryos treated with CA. 32 and 33 hpf treatments
produced signiﬁcant increases compared to control. n=10 hemicerebellums for each
time point except 35 hpf, where n=11.signal transduction (Chen et al., 2002). Consistent with this, zebraﬁsh
embryos incubated with CA had a deﬁcit of motor neurons, similar to
smo mutant embryos (Chen et al., 2001; Lewis and Eisen, 2001; Park
et al., 2004). To determine if CA treatment phenocopies the smo
mutant cerebellar defect, we treated Tg(olig2:egfp) embryos at 6 hpf, an
early gastrulation stage, and counted EGFP+ cells as described above.
Similar to smo mutant embryos, CA treated embryos had an almost
two-fold increase in olig2+ cell number when compared to control
embryos (Fig. 4A).
To determine the time during which Hh signaling is necessary for
regulating olig2+ cell formation, we utilized CA to selectively block
Smoothened function at different intervals. We treated Tg(olig2:egfp)
embryos at 24, 28, 32, 33, 34, 35, and 36 hpf, allowed them tomature to
48 hpf and counted EGFP+ cells. Embryos treated at 33 hpf and earlier
had approximately the same number of olig2+ cerebellar cells as smo
mutant embryos and embryos treated continuously from 6 hpf with
CA. By contrast, those treated at 34 hpf and later had approximately the
same number as control embryos (Fig. 4B). These data indicate Hh
signaling regulates olig2+ cell development in the cerebellum before
33 hpf.
Expression patterns of Hh pathway genes do not coincide with cerebellar
olig2+ cells
To investigate if Hh signaling is active in cerebellar cells we used in
situ RNA hybridization to analyze expression of genes that encode
components of the Hh pathway. shh expression was ventral to the
cerebellum at 30 hpf and 48 hpf (Figs. 5A–C), spanning the critical time
period for Hh regulation of olig2+ neuron formation. As previously
reported (Ekker et al., 1995) tiggy winkle hedgehog (twhh) was
expressed similarly to shh, whereas echidna hedgehog (ehh) was
restricted to the trunk notochord (Currie and Ingham, 1996) (data not
shown). patched 1 (ptc1) RNA, which is expressed by cells inwhich the
Hh pathway is active (Concordet et al., 1996; Marigo and Tabin, 1996),
was prominent along the lower rhombic lip of the hindbrain but not
within the cerebellum (Figs. 5D–F). gli1, which encodes a transcription
factor that mediates Hh signaling (Karlstrom et al., 2003; Lee et al.,
1997), was expressed similarly to ptc1 (data not shown). Thus,
although our functional data show that Hh signaling limits formation
of cerebellar olig2+ cells, our gene expression data indicate that Hh
signaling is active only in cells located at a distance from them. This
raised the possibility that Hh signaling inﬂuences cerebellar olig2+ cell
development indirectly, by regulating other pathways.
Spinal cord patterning and speciﬁcation of neurons along the DV
axis is dependant on opposing gradients of morphogens secreted from
the roof plate and ﬂoor plate (Wilson and Maden, 2005). Notably,
dorsal spinal cord and roof plate cells secrete Wnt1 and Wnt3a (Lee
and Jessell, 1999; McMahon and Bradley, 1990; Roelink and Nusse,
Fig. 5. Zebraﬁsh cerebellum expresses wnt1 but not Hh pathway genes. All panels are lateral or dorsal views with anterior to the left. Dashed circles mark cerebellums. (A–C)
Expression of shhwas ventral to cerebellum. (D–F) Expression of ptc1 at 30 hpf was absent from cerebellum but by 48 hpf was present in the lower rhombic lip. (G, H) Expression of
wnt1 at 30 hpf, red arrows mark transient wnt1 expression within the cerebellum and black arrows mark expression at the midbrain–hindbrain boundary. (I, J) By 48 hpf, wnt1
expression was no longer present within the cerebellum but persisted at the midbrain–hindbrain boundary. Scale bars represent 20 μm in all panels.
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olig2+ cell development, we examined its expression using in situ RNA
hybridization. At 30 hpf there were two domains of wnt1 expression
close to the cerebellum. The ﬁrst domain included cells along the
dorsal midbrain, extending ventrally at the midbrain–hindbrain
boundary. The second domain, marked by a relatively low level of
wnt1 transcripts, included the dorsal cerebellum (Figs. 5G, H). At 48 hpf
expression near the midbrain–hindbrain boundary remained strong
whereaswnt1 transcripts were no longer evident in dorsal cerebellum
(Figs. 5I, J). Thus, cerebellarwnt1 expression coincides with the critical
period for Hh regulation of olig2+ neuron formation.
Wnt signaling is necessary for cerebellar olig2+ cell development
We tested whetherWnt signaling regulates formation of cerebellar
neurons by investigating olig2 expression. Lymphoid enhancer 1 (Lef1)
mediates nuclear response to Wnt signals and functions as a trans-
criptional activator in the presence of β-catenin (Clevers and van de
Wetering, 1997). The chromosomal deﬁciency Df(LG01:lef1)x8 deletes
approximately 2–8 cM of Linkage Group 1, spanning the lef1 locus
(Phillips et al., 2006). In situ RNA hybridization revealed that, in
contrast to smo mutants, Df(LG01:lef1)x8 mutant cerebellar cells failed
to express olig2 at 48 hpf whereas spinal cord expression was normal
(Figs. 6D–F). Because Wnt signaling has an earlier role in forming the
midbrain–hindbrain boundary (Bally-Cuif et al., 1995; Kelly andMoon,
1995) and the Df(LG01:lef1)x8 deletion removes additional genes, we
used a heat-shock activated transgenic line, hsDkk1GFP, to condition-
ally express theWnt inhibitor Dkk1. Dkk1 is a secreted ligand for LRP6,
a coreceptor necessary for Wnt signal transduction (Liu et al., 2003;
Semenov et al., 2001). LRP6 preferentially binds to Dkk1 in the pre-
sence of Wnt, prohibiting it from forming a complex with the Frizzled
receptor and preventing pathwayactivation.We induced expression of
Dkk1 using heat shock at 30 hpf and examined olig2 expression at48 hpf using in situ RNA hybridization. Similar to Df(LG01:lef1)x8
mutant embryos, transgenic heat-shocked embryos expressed olig2 in
spinal cord but not cerebellum (Figs. 6J–L). These data indicate Wnt
signaling is necessary for cerebellar olig2+ neuron formation.
Our data raised the possibility that Hh signaling limits the range of
Wnt activity, which is necessary for olig2+ neuron formation. Thus, we
predicted that the absence of Wnt would be epistatic to loss of Hh
signaling. To test this we treated Df(LG01:lef1)x8 mutant embryos with
CA at 6 hpf and examined olig2 expression at 48 hpf. As expected,
spinal cord cells did not express olig2 in the absence of Hh (Fig. 6I).
Notably, cerebellar cells also did not express olig2 (Figs. 6G, H).
Similarly, heat shock induction of Dkk1 at 30 hpf entirely blocked
formation of olig2+ cells in transgenic embryos treatedwith CA at 6 hpf
(Figs. 6M–O). Expression of atoh1a, which marks the rhombic lip,
appeared normal in Df(LG01:lef1)x8 mutant embryos and transgenic
embryos in which Dkk1 expression was induced at 30 hpf (Supple-
mentary Fig. 1), indicating that the cerebellar primordium was intact.
Thus, absence of olig2+ cells in these embryos was not due to the ab-
sence of a cerebellum. We conclude that expansion of olig2+ cell
number in the absence of Hh signaling is dependent on Wnt activity,
consistent with the idea that Hh limits the range of Wnt signals in the
cerebellum.
Shh could limitWnt signaling by restricting production of ligand or
blocking cell response to ligand. To investigate these possibilities we
ﬁrst examined wnt1 expression by in situ RNA hybridization. As
shown above, at 48 hpf, wnt1 is normally expressed at the midbrain–
hindbrain boundary and seems to be restricted to a small number of
cells (Figs. 7A–D). By contrast, in the CA treated embryos, wnt1
expression was expanded both posteriorly and ventrally at the
midbrain–hindbrain boundary (Figs. 7E–H). Additionally, whereas
overexpression of Dkk did not affect wnt1 RNA expression (Figs. 7I, J),
the wnt1 expression domain was expanded in embryos treated with
CA and overexpressing Dkk (Figs. 7K, L). These data suggest that Hh
Fig. 6.Wnt signaling is necessary for cerebellar olig2 expression. All embryos shown are 48 hpf. Anterior is to the left in all panels, the ﬁrst column depicts a lateral whole mount view,
the second column a dorsal view and the third a lateral view of the spinal cord. Black arrowsmark cerebellum, brackets mark ventral spinal cord and ventral diencephalon is labeled
(di). (A–C) Wild-type olig2 expression. (D–F) Df(LG01:lef1)x8 (X8) mutant embryos expressed olig2 in spinal cord but not cerebellum. (G–I) Df(LG01:lef1)x8 mutant embryos treated
with CA at 6 hpf expressed olig2 in ventral diencephalon but not cerebellum or spinal cord. (J–L) hsDkk1GFP embryos heat shocked at 30 hpf expressed olig2 in ventral diencephalon
and spinal cord but not cerebellum. (M–O) hsDkk1GFP embryos treated with CA at 6 hpf expressed olig2 in ventral diencephalon but not spinal cord or cerebellum. Scale bars
represent 20 μm in all panels.
168 K.A. McFarland et al. / Developmental Biology 318 (2008) 162–171activity limits the range of Wnt signaling by limiting the number of
cells that express wnt1 RNA.
We also tested the effect of Wnt signaling on the range of Hh
activity by examining ptc1 expression. Whereas ptc1 expression was
not evident in the cerebellum of wild-type embryos (Supplementary
Figs. 2A, B), ptc1 expression appeared to be expanded into the cere-
bellum ofDf(LG01:lef1)x8mutant embryos (Supplementary Figs. 2C, D).
In contrast, ptc1 expressionwas not evident in the cerebellumof 48 hpf
transgenic embryos in which Dkk was induced at 30 hpf (Supplemen-
tary Figs. 2E, F). Taken together, these data raise the possibility that,
prior to 30 hpf, Wnt signaling limits the range of Hh activity in the
cerebellum and is later required for formation of olig2+ neurons.
Discussion
olig2 expression marks a subset of cerebellar neurons
Although zebraﬁsh have become an increasingly important model
for investigating neural development, the composition and organiza-
tion of the zebraﬁsh cerebellum remains poorly described. Conse-
quently, understanding of the mechanisms that pattern the zebraﬁsh
cerebellum and regulate speciﬁcation of cerebellar cell fate remains
incomplete. We noted that cerebellar cells of zebraﬁsh embryos
prominently express olig2 RNA and EGFP driven by olig2 regulatory
sequences. EGFP+ cells of transgenic animals extend axons to the deepbrainstem and form extensive dendritic arbors. Olig2 genes, which are
conserved amongmammals, birds andﬁsh, encode bHLH transcription
factors necessary for motor neuron and oligodendrocyte development
(Lu et al., 2002; Park et al., 2002; Zhou and Anderson, 2002) but have
not yet been implicated in cerebellum development. Our data reveal
olig2 expression as a new marker of developing cerebellar cells in
zebraﬁsh and raise the possibility that olig2 promotes speciﬁcation or
differentiation of some cerebellar neurons.
The long axons and highly branched dendrites of olig2+ cerebellar
cells are characteristic of eurydendroid neurons. However, olig2+ neu-
rons do not express the canonical markers of eurydendroid neurons
nor of Purkinje neurons. During early larval stages cells that express
Zebrin II, which marks Purkinje neurons, were mostly located just
dorsal to olig2+ cells whereas Calretinin+ eurydendroid neurons, which
occupy the granule layer of teleosts (Castro et al., 2006; Diaz-Regueira
and Anadon, 2000), were located just ventral to olig2+ cells. At later
larval stages Zebrin II+, Calretinin+ and olig2+ cells remained as sepa-
rate populations, although many Zebrin II+ and olig2+ cells were inter-
mixed. Interestingly, subdivision of eurydendroid neurons into
Calretinin+ olig2− and Calretinin− olig2+ cells might reﬂect morpholo-
gical differences between eurydendroid neurons. Goldﬁsh have at least
three types of eurydendroid neurons that can be distinguished by the
shapes of their soma and dendrite number: fusiform and polygonal
cells, which are distributed throughout the molecular, Purkinje and
granule layers, and monopolar cells, which have single dendrites and
Fig. 7. Inhibition of Hh signaling causes expansion of the wnt1 expression domain. All
embryos shown are 48 hpf. Black arrows in whole mount views depict the
morphological line of the midbrain adjoining the midbrain–hindbrain boundary.
Lateral whole mount (A), dorsal whole mount (B), transverse section (C) and sagittal
section (D) showing wnt1 expression in control embryos. The black arrows mark the
base of the 3rd ventricle, with which the ventral extent of wnt1 expression coincides in
the midbrain–hindbrain region. (E–H) Similar views of wnt1 expression in embryos
treated with CA beginning at 6 hpf. wnt1 expression in the midbrain–hindbrain region
is expanded both ventrally and posteriorly. (I, J) Expression of wnt1 in embryos that
overexpressed Dkk1 at 30 hpf was similar to controls. (K, L) wnt1 expression was
expanded in embryos treated with CA at 6 hpf and heat shocked to induce Dkk1
expression at 30 hpf. Scale bars represent 20 μm in all panels.
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corpus cerebelli (Ikenaga et al., 2005). The soma of olig2+ cells are
rounded, and each appears to extend a single, extensively branched
dendrite into the molecular layer. This raises the possibility that olig2
expression marks monopolar eurydendroid neurons, although deﬁni-
tive molecular marker evidence is still required.
Hh signaling and cerebellar patterning
Hh proteins, secreted by ventral neural tube cells and underlying
notochord, function as morphogens to pattern the DV axis of the CNS(Ingham and McMahon, 2001; Jessell, 2000). This is best documented
in spinal cord, where different concentrations of Shh specify distinct
types of neurons that occupy different DV positions. Loss of Shh
function results in loss of ventral spinal cord identity and expansion of
dorsal identity (Chiang et al., 1996). Similarly, Shh is necessary for
formation of dopaminergic and serotonergic neurons in the ventral
midbrain and anterior hindbrain (Ye et al.,1998), indicating that its role
in DV patterning extends along the entire length of the neural tube.
Hh signaling has a well established role in promoting granule
neuron precursor proliferation in mice (Dahmane and Ruiz i Altaba,
1999; Corrales et al., 2004; Lewis et al., 2004) but whether it also
inﬂuences formation of other cerebellar cells is less clear. Calbindin+
Purkinje neurons were present in mice in which Shh or Gli2 were
conditionally inactivated in the cerebellar primordium (Blaess et al.,
2006; Lewis et al., 2004; Corrales et al., 2004). However, the distri-
bution of Purkinje neurons was somewhat altered and they occupied
slightly broader layers in mutant animals compared to wild type,
reminiscent of the broadened domain of olig2+ cells we observed in
zebraﬁsh embryos deﬁcient for Hh signaling. However, Shh conditional
mutants had progressively fewer Purkinje neurons than wild-type
mice when compared from E18.5 into adulthood (Lewis et al., 2004).
The progressive decrease in cell number suggests that Purkinje neu-
ronswere lost due to lack of trophic support by the diminished granule
cell population of these mice, leaving the possible role of Hh in the
initial formation of Purkinje neurons an open question.
Our data raise the possibility that in zebraﬁsh Hh signaling
regulates DV pattern of the cerebellum. We found that smo mutant
embryos had morphologically distinct cerebellums and that the olig2
expression domain appeared to be broader in the anteroposterior axis
and to extend more ventrally. Quantiﬁcation of olig2+ cells using a
transgenic reporter revealed a two-fold excess relative towild type and
we found no evidence of changes in the number of apoptotic cells.
Pharmacological inhibition of Hh signaling using cyclopamine pro-
duced similar effects and also revealed that Hh is required as late as
33 hpf, well after formation of the cerebellar anlage, to limit the
number of olig2+ cells. Although we were unable to investigate form-
ation of Calretinin+ eurydendroid cells and Purkinje neurons, because
mutant and cyclopamine-treated larvae die before expression of
Calretinin and Zebrin II, the ventral expansion of olig2 expression is
strongly consistent with a role for DV pattern formation in the cere-
bellum by Hh signaling.
Wnt signaling is necessary for cerebellar olig2+ neuron development
Similar to ventral neural tube, patterning of dorsal neural tube also
depends on secreted factors (Lee and Jessell, 1999; Liem et al., 1995). In
particular, Wnt1 and Wnt3a are expressed throughout nearly the
entire AP extent of the dorsal CNS (Parr et al., 1993). Mouse Wnt1
mutants had greatly reduced or nearly absent cerebellums (Bally-Cuif
et al., 1995; Thomas and Capecchi, 1990), precluding investigation of
cerebellar DV patterning, but Wnt1/Wnt3a double mutants had a
deﬁcit of dorsal spinal cord interneurons (Ikeya et al., 1997; Muroyama
et al., 2002). Zebraﬁsh wnt1 and wnt3l are expressed prominently in
the midbrain at the boundary with hindbrain (Buckles et al., 2004),
similar to mouse Wnt1 and Wnt3. Additionally, we detected a lower
level ofwnt1 transcripts in dorsal cerebellum at 30 hpf but not 48 hpf,
which temporally coincides with Hh-dependent patterning of olig2+
cells. Notably, the midbrain–hindbrain boundary appeared present in
embryos homozygous for a chromosomal deletion spanning lef1,
which encodes a transcription factor thatmediatesWnt signaling. This
is amilder phenotype than that produced byWnt1mutation inmice or
simultaneous disruption of wnt1, wnt3l and wnt10b functions in
zebraﬁsh (Buckles et al., 2004). olig2 expression was entirely absent
from the cerebellums of lef1 deﬁcient embryos, suggesting that Wnt
signals are required for olig2+ neuron development. To test this further
without the complications of eliminating multiple genes within the
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of Wnt signaling in forming the cerebellar anlage, we induced
expression of Dkk1, a Wnt inhibitor, at 30 hpf. Similar to lef1 deﬁcient
embryos, Dkk1 expression blocked olig2 expressionwithin cerebellum
but not in ventral diencephelon or spinal cord. Thus, our data provide
evidence that Wnt signaling is necessary for speciﬁcation of olig2+
neurons in cerebellum.
The complementary effects of loss of Hh andWnt signaling on olig2
expression suggested that they act in opposition to regulate the
number and distribution of olig2+ cells. Consistent with this, wnt1
expression was expanded ventrally and posteriorly in CA-treated
embryos. Notably, Wnt1 expression was also expanded in the
midbrain–hindbrain region of mice in which Smo was conditionally
inactivated (Blaess et al., 2006). We also found that ptc1 expression,
which serves as an indicator of Hh signaling activity, was expanded
dorsally in lef1 deﬁcient embryos. Finally, embryos deﬁcient for both
Hh andWnt signaling were identical to embryos that lacked onlyWnt
signaling in that neither had cerebellar olig2 expression. We propose
that Hh activity limits olig2+ cell formation by restricting the ventral
extent ofWnt signaling, which is necessary for olig2+ cell speciﬁcation.
Pattern formation via antagonistic signaling between the Hh and
Wnt pathways is an established development mechanism. For ex-
ample, in the ventral spinal cord Wnt inhibitors regulate transcription
of Hh-responsive genes (Lei et al., 2006) whereas in dorsal spinal cord
Gli3 repressor inhibits Wnt signaling (Ulloa et al., 2007). Within the
epithelium of the colon, high levels of Wnt signaling are restricted to
the base of the proliferative crypt by Indian Hedgehog (Ihh), expressed
bymature colonocytes, and Ihh reciprocally inhibits expression ofWnt
target genes (van den Brink et al., 2004). Our data indicate that anta-
gonistic Hh andWnt signaling also pattern the DV axis of the zebraﬁsh
cerebellum.
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